Carry-over effects refer to processes that occur in one season and influence fitness in the following. In birds, two costly activities, namely reproduction and moult, are restricted to a small time window, and sometimes overlap. Thus, colour in newly moulted feathers is likely to be affected by the costs of reproduction. Using models of bird vision we investigated male colour change in a free-living population of blue tits (Cyanistes caeruleus) in three sampling occasions: spring 1, winter and spring 2. We related crown, tail, breast and cheek feather colouration after the moult (winter) to the intensity of infections by blood parasites during reproduction (spring 1). In the following spring (spring 2), we explored mating patterns with respect to changes in feather colour (springs 1 vs. 2). Males that were less intensely infected by the malaria parasite Plasmodium while breeding showed purer white cheek feathers in winter, which may indicate higher feather quality. Increased brightness in the white cheek was associated with better body condition during reproduction. In the following season, males with brighter cheeks paired with females that had noticeably brighter cheek patches compared to the male's previous mate. These results suggest that the conditions experienced during reproduction are likely to affect moult and thus feather colouration, at least in the white patch. High quality individuals may allocate resources efficiently during reproduction increasing future reproductive success through variation in mating patterns. Carry-over effects from reproduction might extend not only to the non-breeding phase, but also to the following breeding season.
Introduction
A central tenet of life-history theory is that resources allocated to current reproduction are traded-off against selfmaintenance and future reproductive output (Stearns 1992; Metcalfe and Monaghan 2001) . In birds, a growing body of research has investigated the mechanisms behind the costs of reproduction (reviewed in Harshman and Zera 2007; Blount et al. 2016) , and the costs per se, which can come as a reduction in survival (Santos and Nakagawa 2012) , for example, through accelerated ageing (Bize et al. 2009; Badás et al. 2015) . Others have focused on the downstream effects of non-breeding season processes on reproduction, commonly known as 'carry-over effects' (Gunnarsson et al. 2006; Robb et al. 2008; Sorensen et al. 2009) . However, few studies have explored the effects of reproduction on the subsequent nonreproductive season, when reproductive activities, in fact, could influence the outcome during the following breeding event (Dreiss and Roulin 2010; Harrison et al. 2011) .
Reproduction can exert changes in the individual's postbreeding activities such as the moult. Moulting is an energetically demanding process (Griggio et al. 2009 ), because it encompasses physiological (i.e. altering multiple stress response pathways, Merino and Barbosa 1997) and metabolic costs (an increase in 30% of metabolic rate) (Cyr et al. 2008) . Many birds initiate the post-nuptial moult while still raising young (Jenni and Winkler 1994) , but because these activities are highly demanding, they should be separate in time. Indeed, passerines that were already moulting while breeding had reduced fledgling success (Sanz 1999; Hemborg et al. 2001; Morales et al. 2007 ). Delayed reproduction can compromise the time allocated for moulting, thus reducing feather quality, as has been reported in starlings (Sturnus vulgaris) (Dawson et al. 2000) . Furthermore, Nilsson and Svensson (1996) showed that blue tits (Cyanistes caeruleus) that delayed moult had higher thermoregulatory costs in the following winter, and this resulted in reduced over-winter survival and breeding success the following year. Thus, the effects in feather synthesis become evident when reproductive effort exceeds what individuals were prepared to sustain. Additional information is needed on whether the individual's status during reproduction has an important bearing on feather quality. Data on recently moulted birds in free-living populations are scarce because re-trapping the same individuals repeatedly is difficult (Dawson et al. 2000) .
The costs of reproduction on feather quality could be assessed through colouration, because colours are incorporated to new feathers during moult (Hill and McGraw 2006) . In fact, because plumage colours are produced through different metabolic pathways depending on its nature (structural or pigmentary), they are subject to different constraints that may convey information to prospecting mates (Hill 2006a) . For example, in eiders (Somateria mollisima), it has been suggested that reproductive females with reduced lymphocyte levels may suffer from infections in their following moult, which could reduce the reflectance of the white plumage bands (Hanssen et al. 2006) . In blue tits, experimentally increasing reproductive effort produced changes in feather colouration in two ornaments in the year following manipulation: the yellow breast and the blue crown (Doutrelant et al. 2012) . Other mechanisms, such as soiling (Fitzpatrick 1998) or feather degrading bacteria (Shawkey et al. 2007 ) can also explain changes in colour during the season, but to date, no study has evaluated these changes with respect to parasitic infections. Because reproduction can affect immunocompetence (Hanssen et al. 2003) , it is common that bird populations in temperate regions suffer from chronic blood parasite infections with relapses during the breeding season (Valkiūnas 2005) . The negative effects that these parasites exert on the host are well known (Merino et al. 2000; Martínez-de la Puente et al. 2010; Asghar et al. 2015) ; however, more studies are needed to explore the effects of parasitic infections during the breeding season on subsequent feather colouration.
Strong immune responses (i.e. against parasitic infections) may have negative effects on the moult, decreasing the amount of resources available and resulting in a delayed onset of post-nuptial moult (Sanz et al. 2004 , but see Moreno et al. 2001) . Indeed, experimental studies have shown that certain aspects of structural colouration can signal food stress (Siefferman and Hill 2005) or acute parasite infection during the moult (Doucet and Montgomerie 2003) . Similarly, many studies have related dull carotenoid-based ornaments to high parasite loads (reviewed in Hill 2006b), but others have failed to find such negative relationships (Seutin 1994; Fitze and Richner 2002) .
In this study, we investigated colour change in plumage patches that differ in their main mechanism of colour production (structural, pigmentary, or both) and related these changes to parasitic infections during reproduction and to other breeding parameters. In the blue tit, coherent scattering leads to the production of the structural blue plumage colours seen in the crown, while incoherent scattering is responsible for the achromatic white feathers found in the cheek (Prum 2006) . Carotenoid pigments are obtained from food and deposited in feathers (McGraw et al. 2002) producing, among others, the yellow colouration seen in the blue tit's breast feathers. Aside from the crown, cheek and breast, we also measured feather colouration in another patch for which less information is available in the literature, the blue base of the tail. This plumage patch has been described as sexually dichromatic in nestlings (Johnsen et al. 2003) , and it is likely to be relevant for sexual selection in the blue tit. Studies investigating several ornaments simultaneously are increasing (Doucet and Montgomerie 2003; Hegyi et al. 2007; Galván 2010) , but changes in feather colour in multiple ornaments are understudied. Furthermore, adult blue tits undergo a complete moult once a year; hence, the plumage achieved during moult will be carried until the end of the next breeding season (Nilsson and Svensson 1996) . For this reason, the carry-over effects from reproduction on moult and feather colouration may have an effect on mating patterns in the following reproductive event.
First, we aimed at relating individual quality during reproduction to change in male feather colour (spring 1 vs. winter). Individual quality was evaluated by measuring body condition and the intensity of infections by several blood parasites (avian malaria and malaria-like parasites) during the highly demanding nestling provisioning phase. In poor quality individuals, we expect reproductive costs to negatively affect the feather colouration obtained after the moult, therefore, these birds should show duller or less pure colour depending on the feather patch. High-quality individuals may be able to cope with the costs of reproduction and either (i) increase brightness/saturation or (ii) maintain brighter/more-saturated feather colours. Besides, if performance in the previous reproductive event was high, an individual may gain higher quality partners in the following season (see Griggio et al. 2009 ), although this has been unexplored so far. On this basis, the second aim of this study was to investigate the effects of male colour change and breeding parameters on matting patterns in the consecutive breeding season (spring 2). Using discrimination models that take into account, the blue tit's photoreceptor spectral sensitivities (Endler and Mielke 2005; Stevens 2011 ), we evaluated the change in the mate's feather colouration between seasons (spring 1 vs. spring 2).
Methods

Study site and sampling
Data were collected during the 2013 (spring 1 and winter) and 2014 seasons (spring 2) on a free-ranging population of blue tits breeding in a deciduous forest of Pyrenean oak (Quercus pyrenaica), in the vicinity of Valsaín (Segovia), central Spain (40°53′ N, 4°01′ W, 1200 m.a.s.l.), where 300 wooden nestboxes have been in place since 1994 (Fargallo & Merino, 1999) . Breeding birds in springs 1 and 2 were caught at the nestbox during chick provisioning (when nestlings were 3 days old, hatching date = day 0), while birds caught in winter (2013) were attracted to mist nets using blue tit specific playback calls. At every sampling occasion, 2-3 nets (24-36 m each) were set up for 1-2 h, and then they were moved to a different location within the vicinity of the deciduous forest. Bird captures took place in 6 days (dates: 1, 2, 3, 9, 10 and 24 of November 2013) during 4-5 h each day depending on climatic conditions. Unringed birds were individually marked with a numbered aluminium leg-ring. First-years were identified (if age not known from ringing records) by possession of distinctive, non-adult greater wing coverts (Svensson 1992) . We also recorded tarsus length to the nearest 0.01 mm using callipers and weight to the nearest 0.1 g using an electronic balance. These measurements were used to calculate individual body mass, corrected by regression for body size (tarsus length) and time of day by using the equation from Senar (2002) . At spring 1, we took a blood sample via the brachial vein. One drop of blood was stored on an FTA card (Whatman, UK) for molecular analyses (parasitological analyses, see below). We also measured feather colour reflectance on four different patches in males and females: breast, cheek, crown and base of the tail. First, we evaluated the change in colour for each patch before and after the moult (spring 1 vs. winter). Second, we explored the change in colour between winter (2013) and the following season (spring 2, 2014). Finally, for a subsample of males (N = 13, see below), we described colour and luminance differences between seasons (spring 1 vs. spring 2) and compared this to colour change between their female partners (female pair from spring 1 vs. female pair from spring 2). We used these values in subsequent analyses (see below).
Moult stage was recorded both at the breeding season (springs 1 and 2) and winter captures. One individual had already started moult in spring 1 (as of 28th of June). However, this male was not recaptured in winter. By the time they were recaptured in November of season 1, all individuals had already finished moulting. None of the birds used in this study had started moulting when captured at nestling age 3 in springs 1 or 2.
Parasite quantification (spring, season 1)
For all samples, DNA was extracted from blood using a standard ammonium-acetate protocol and stored at − 20°C. This DNA solution was then purified using silica filters to obtain a higher quality DNA (NZYGel pure, NZYtech, Lda. -Genes and Enzymes). DNA samples were quantified by spectrophotometry and adjusted to the same concentration (10 ng/uL). We detected and quantified the following parasites using quantitative PCR (qPCR) with SYBR green (SYBR Selected Master Mix, Applied Biosystems) to amplify a fragment of the cytochrome b or 18S rRNA genes using a pair of species-specific primers for each parasite: Haemoproteus majoris haplotype cyan2, Plasmodium spp. haplotype cyan1, Lankesterella valsaininesis and Leucocytozoon spp. haplotypes leuA, leuA1 and leuB. The variable Leucocytozoon A includes haplotypes A and A1 (see Badás et al. 2015 for more information on the primers used).
Models of bird vision (seasons 1 and 2)
Colour spectra were collected with the use of a spectrophotometer (Ocean Optics Inc., Dunedin, FL, USA) connected to an Ocean Optics fibre-optic reflection probe. The probe was made up of seven optical fibres that were illuminated by a Pulsed Xenon Light Source (Jaz-PX lamp), and it was inserted in a miniature black chamber that acted as holder and excluded ambient light. The equipment was calibrated with a flat white standard (Ocean Optics) prior to each patch measured. The probe was lifted between repeated measurements within a body region. Reflectance data from 300 to 700 nm were undertaken at 90°incidence and 3 mm from the feather surface over an illuminated circular area approximately 1 mm in diameter. Each spectrum was an average of three scans and was calculated relative to the reflectance produced by the white standard and a dark current.
To model the UV-sensitive (UVS) blue tit visual system, we used their known photoreceptor spectral sensitivities (Hart et al. 2000) and calculated the relative quantum (photon) catch values for the four single cones, used in colour vision, and the double cones, used in luminance vision (Endler and Mielke 2005; Stevens et al. 2009 ). From this, we extracted hue, saturation, and luminance variables for each colour patch (Endler and Mielke 2005; Stevens et al. 2009 ). Although hue and saturation colour variables may not necessarily relate to colour perception in birds, avian visual models that incorporate cone sensitivities of the bird's retina and light conditions, have proved to be the most widely approach used to model avian colour vision and colouration (Stoddard and Prum 2008; Kemp et al. 2015) . Luminance refers to the perceived lightness of a patch (brightness); so, we simply used the double cone photon catch values. Saturation refers to the amount of colour compared with white light, and it was obtained by plotting the standardised single cone catch data for each individual in avian tetrahedral colour space ) and calculating the distance from the centre of the colour space (following Endler and Mielke 2005) . Values were generated using 'd65' irradiance levels (Badás et al. 2017 ). To calculate hue or colour type, we derived colour channels based on using ratios from the photon catch outputs for each patch. The four single cone types for bird vision are categorised after the relative stimulation of wavelengths: ultra-short (UV), short (SW), medium (MW) or long (LW) (Cuthill 2006) . Hue was then calculated as the ratio of cone catch values: '(LW + MW + UV) versus SW' for the yellow breast feathers (Badás et al. 2017) , '(SW + UV) versus (MW + LW)' for the crown, and '(MW + UV) versus (SW + LW)' for the tail. This approach is broadly inspired by the way that opponent colour channels work in vision in encoding antagonistic colour types (Osorio et al. 1999) and is based on recent work following the same methods (Evans et al. 2010; Komdeur et al. 2005; Spottiswoode and Stevens 2011; Stevens et al. 2014) . Note that we are not suggesting that the ratio used here is actually present in avian vision, but a logical and intuitive way to describe variation in hue. Hue was not calculated for the white cheek because this is an achromatic plumage patch.
Following calculation of photon catches, we determined colour contrasts using a model of visual discrimination that accurately predicts discrimination behaviour in observers (Vorobyev et al. 1998) . By using the single cones, we extracted colour differences (Vorobyev et al. 1998) , and using the double cones we obtained luminance (achromatic) differences (Siddiqi et al. 2004 ). When modelling, we used the retinal single cone proportions of the blue tit available in the literature (long wave = 1.00, medium wave = 0.99, short wave = 0.71 and UVS = 0.37; Hart et al. 2000) , and Weber fractions were set to 0.05 for all cones in both chromatic and achromatic contrasts. Some authors have suggested that the appropriate Weber fraction for the long wave cones may be 0.1 (Lind 2016) , and thus we also computed chromatic and achromatic scores with this value. These models gave qualitatively the same results (shown in the Online Resource). Colour contrasts are expressed in 'just noticeable differences' (JND scores), where generally, a JND of less than 1.00 indicates that two stimuli are indistinguishable; values between 1.00 and 3.00 should be difficult to discriminate except under optimal viewing conditions, and larger values allow increasingly easy discrimination (Siddiqi et al. 2004) .
Then, for each individual and colour patch, by calculating chromatic and achromatic colour contrasts and reporting JND scores, we evaluated the change of colour between different periods.
Statistical analyses
All analyses were performed in R v.3.1.3 (R Foundation for Statistical Computing, Vienna). We used saturation and luminance (not hue) for each colour patch analyses. Yellow hue and saturation were highly correlated (spring: r = 0.87, p < 0.001; winter: r = 0.81, p < 0.001), and we chose to use saturation rather than hue as it most consistently reflects feather carotenoid content across species (Saks et al. 2003; McGraw and Gregory 2004) . Hue and saturation were also correlated in the blue crown (spring: r = 0.99, p < 0.001; winter: r = 0.98, p < 0.001) and blue-green tail (spring: r = 0.91, p < 0.001; Winter: r = 0.90, p < 0.001) plumage, and again, we used saturation rather than hue. In winter, females had lower recapture probability than males (χ 2 1 = 12.63, p < 0.001, N = 40), probably because the method of capture using speciesspecific playback calls might preferentially attract males. Thus, females were not included in the analyses (data on breeding parameters and parasite infection was available only for one female). From 78 breeding pairs in the breeding season 1, we were able to recapture 21 males in winter (annual survival rates of adult blue tits are similar in other European populations, see Dhondt et al. 1998 ). Due to limiting blood volumes for molecular analyses on four individuals and two individuals for which colour data could not be obtained because of measurement error, data on breeding parameters and parasitic infections during reproduction was available for 15 individuals that were included in the analyses.
To explore the differences in colour between spring 1 and winter, we fitted a linear mixed model for each feather patch with one of the colour variables as the response variable. For each dependent variable, a set of biologically meaningful models was designed in order to explore variation in feather colour before and after the moult. All models included sampling occasion as a fixed factor and individual identity as a random factor in order to control for repeated measures on the same individual. Alternative models may also include a maximum of three of the following predictors (maximum number of parameters to be estimated k = 5 including intercept and one interaction at a time due to reduced sample size): age, date of winter sampling, hatching date, body mass, and parasite infection intensity by one of each blood parasite species (see parasitological analyses above). Parasite intensity variables were cubic root transformed and classified by quantiles in order to categorise data in two meaningful groups: low and high intensity of parasitic infections. Models included the interaction between sample (spring or winter season 1) and one parasite species at a time due to limited sample size (we specifically tested for the interaction, as seen in Knowles et al. 2010) . Different parasite species were analysed as competing hypotheses in which we explored whether parasite load by one malaria or malaria-like parasite may affect the moult on different feather patches. We chose to explore the effects of infection in feather colour change in different analyses for each species because these may have different virulence levels and thus different parasitaemia. Because we were interested in the change in feather colour with respect to individual status at the breeding season, winter body mass was not included in the analyses. Moreover, spring body mass was correlated to winter body mass (t = 2.84, df = 17, correlation coefficient: r = 0.57, p = 0.01). Date of sampling was incorporated into the set of models to account for its effect on feather colouration and infection probability. Age was obtained from previous ringing records and coded into a three level score due to reduced sample size of older individuals: 1 = first-years (N = 9), 2 = second-years (N = 6), 3 = third-years and older (N = 6). The final most parsimonious model was selected based on AIC (Akaike Information Criterion) via its corrected version for small sample sizes (AICc, Sugiura 1978) . When the difference in AICc between two or more models is less than 10 AIC units (ΔAIC < 10), they are thought to be reasonably wellfitted models (Bolker et al. 2009 ). When this was the case, results from models with similar support are presented in tables and ordered according to their AIC weight (AIC w , see Table S1 in the Online Resource). To quantify the relative importance of individual variables within the selected model, we calculated model weights (Johnson and Omland 2004) . Due to reduced sample size, and in order to be conservative, we further confirmed model support by using estimates of significance between the selected versus the null model. These were obtained by parametric bootstrap procedures ('PBmodcomp' command from the R package pbkrtest following Halekoh and Højsgaard 2014, not shown). In addition to this, model parameters and 95% confidence intervals for the main effects in selected models are shown in Tables S1 and S2, and they were calculated from 1000 bootstrapped iterations derived with 'bootMer' (from the R package lme4, Bates et al. 2014) .
Finally, we explored whether changes in male colour variables between seasons 1 and 2 explained better performance in spring 2. Out of the 21 individuals captured between spring 1 and winter, 13 males were recaptured again in spring 2 (colour data was only available for 11 males due to measurement error). We calculated the rate of change in saturation and brightness between breeding seasons for patches where we had previously found significant change (white cheek): (C 2 -C 1 )/C 1 , where C 1 refers to colour in spring 1 and C 2 to colour in spring 2. Then, this change was related to (i) clutch size change between seasons 1-2, (ii) hatching date change between seasons 1-2 and (iii) the JND scores describing perceptible differences in colour between female partner in season 1 versus female partner in season 2. Four males paired with the same female in season 2, but we believe that excluding these males from the analysis was not necessary because the JND contrast between the same female could still provide information about changes in female feather colouration between seasons (i.e. higher quality females may change more between seasons if their feather colouration was duller before the moult). Thus, JND scores could still reflect individual quality given our premises. The relationship between male colour change and other breeding parameters (i.e. number of fledglings) was not checked because a post-hatching experiment conducted in season 2 could potentially affect these parameters. We aimed to look at trends shared between colour variables by using Pearson correlations, instead of using more complex modelling due to reduced sample size. In relatively small samples like the present one assumptions of normality are likely to be violated, whereas non-parametric bootstrapping allows us to compute new parameter estimates without making assumptions on the form of the population (Fox 2002) . Thus, we further complemented the significant results obtained by Pearson correlations through robust regression models or with those calculated from 1000 bootstrapped iterations derived from resampling with the function 'bootCase' (from the R package car, Fox and Weisberg 2011) . Effect sizes for all analyses are reported as Cohen's D (Cohen 1998) , which are generally interpreted as small (0.2), medium (0.5) and large (0.8).
Results
Colour change from spring to winter in season 1
Plumage saturation in the white cheek changed significantly before and after the moult depending on the infection by Plasmodium parasites (t = − 2.34, p = 0.036, effect size ES = 0.57; Table 1, cheek saturation model 1). The overall trend was that individuals decreased saturation in their white cheek feathers after the moult. Note that, in contrast to saturation changes in other ornaments (i.e. blue crown or yellow breast feathers), more saturation in white feathers may indicate that this is a less pure feather patch (Badás et al. 2017) . Indeed, in this study, males that were more intensely parasitized by Plasmodium during the breeding season decreased saturation significantly less (Fig. 1 , for graphical purposes, we represent mean changes between sampling occasions). Saturation in yellow-breast blue tit feathers increased after the moult, although this increase was marginally non-significant (t = − 1.87, p = 0.08, effect size ES = 0.48; Table S1 ). Such marginal increase was unaffected by parasite loads or other parameters during the breeding season. No significant change was detected for the blue crown and the blue-green tail feathers before and after the moult (Table S1 ), but there was a trend that males that were more parasitized by Leucocytozoon A grew more saturated blue crown feathers after moulting (t = − 1.9, p = 0.08, effect size ES = 0.56; Table S1; Fig. S1a) . Finally, males with more saturated blue-green tail feathers had higher body mass, irrespective of sampling occasion (t = 2.31, p = 0.03, effect size ES = 0.54; Table S1 ).
Patterns of achromatic change from spring 1 to winter were related to individual quality during spring 1. The increase in white cheek brightness after the moult was positively correlated with higher body mass during the breeding season (t = − 2.74, p = 0.017, effect size ES = 0.72; Table 1 , cheek brightness model 1; Fig. 2 ). We also detected that males that were more parasitized by Haemoproteus tended to grow marginally brighter yellow breast feathers (t = − 1.95, p = 0.08, effect size ES = 0.69; Table S2 ; Fig. S1b ) and marginally brighter blue-green feathers at the base of the tail (t = − 1.89, p = 0.08, effect size ES = 0.7; Table S2 ; Fig. S1c ). Intense infections by the parasite Leucocytozoon B during spring 1 had a marginally nonsignificant negative effect in brightness in the blue-green base of the tail in winter (t = 1.96, p = 0.07, effect size ES = 0.71; Table S2 ; Fig. S1d ). Finally, no significant change was detected for the blue crown brightness (Table S2) . Mean JND contrasts between each individual before and after the moult are shown in Table S3 .
Male colour, female partner and breeding parameters in season 2
Because we found significant differences in cheek colour variables before and after moult (spring vs. winter season 1, see Table 1 ), we used these variables in subsequent analyses for season 2. There were no significant associations between (i) change in cheek saturation between seasons and breeding parameters in season 2 (only hatching date and clutch size, see methods section, all p values > 0.5), (ii) change in cheek saturation between seasons and JND scores for female differences between seasons (all p values > 0.5) or (iii) change in cheek brightness between seasons and breeding parameters in Table 1 Best-fitted models explaining colour change in blue tits using the Akaike's second-order Information Criterion (AICc). When ΔAICc < 10 units, all competing models are shown (see main text). Variables included in each model are marked with an X. AIC w refers to the weight of each new variable included in the models showing similar support. Only models that were supported after significant parametric bootstrap against the null model are shown (explaining why in some cases ΣAIC w ≠ 1). A total of 30 males were included in this analysis Table S3 (Online Resource). However, the change in cheek brightness was significantly related to the JND scores describing female differences between seasons. The more pronounced increase in male cheek brightness after the moult, the higher the JND scores describing female differences between seasons. This is, in season 2, males with brighter cheeks paired with females that were more different in their cheek luminance than the female pair they had in the previous season (bootstrapped estimate = 0.089, sup. 95% CI = 0.18, inf. 95% CI = 0.003, R 2 = 0.425, F 1,9 = 8.39, p value = 0.018, N = 11, effect size ES = 1.93, Fig. 3 ). Because JND scores only state the magnitude of the absolute differences between two colour spectra, we confirmed that the female pair in season 2 had indeed brighter cheek feathers than the same male's partner in season 1 (robust regression model R 2 = 0.39, Chi-sq = 6.17, df = 1, p value = 0.013, N = 13, Fig. 2 Achromatic change in the white cheek in relation to spring body mass (F 2,10 = 4.67, p value = 0.0382, R 2 = 38.54%, N = 14). Body mass (g) is expressed as the corrected body mass following Senar (2002) . Regression line and ± 95% confidence intervals (shaded area) are shown. Note that confidence intervals were calculated from 1,000 bootstrapped iterations that control for reduced sample size and presence of outliers (see main text) Fig. 1 Chromatic change between spring and winter in the white cheek in relation to Plasmodium infection during spring. Bars indicate standard errors effect size ES = 1.9). Mean JND contrasts between each individual comparing feather colour in season 1 versus season 2 are shown in Table S3 .
Discussion
This study investigated feather colour change between seasons in relation to breeding characteristics from the previous reproductive season. We offered correlational evidence that, in blue tits, colour change in the white cheek was related to body mass and the intensity of Plasmodium infections while breeding. Additionally, after controlling for individual differences prior to moult, we found that males with a more pronounced increase in white cheek brightness paired with brighter females in season 2 compared to the females they paired with in season 1. The change in structural white colouration in the blue tit was, thus, related to pair formation in the consecutive breeding season. However, no differences were found in plumage patches such as the blue crown or the blue-green tail between seasons. This is unexpected, especially because previous studies have shown that newly moulted feathers, for example, in the blue crown, were brighter (Örnborg et al. 2002) . Blue tit crown coloration may change within a given year (Örnborg et al. 2002) and also between years with individual age (Delhey et al. 2006) . The apparent lack of colour change between seasons in structurally blue feathers in the present blue tit population could be explained by the time of year the spectral samples were taken. Here, the post-breeding reflectance spectra was not sampled soon after breeding (i.e. in summer) but after moult had been completed (in winter). It may be possible that the observed feather colouration may have already faded to be similar to what the colours were in the previous spring. For example, the differences may have been greater if the samples had been collected immediately after the moult and long before the next breeding season (Delhey et al. 2010) .
In this study, we also found a relationship between the change in brightness in unpigmented feathers and body mass during the breeding season. Brightness in white feathers is produced by large, randomly organised air vacuoles in the barbules (Prum 2006) , and these vacuoles are absent in less bright white feathers, as seen in the rock partmigan Lagopus mutus (Dyck 1976 ). In the blue tit, the particular arrangement of barbules in the white cheek could be related to individual status during reproduction, because feathers are moulted immediately after the breeding season (Svensson and Nilsson 1995) . Male blue tits that were heavier during the breeding season (spring 1) might have started the moult with more resources to allocate into plumage maintenance, which has been shown to increase feather brightness (Griggio et al. 2010) . Our study will add to a recently growing body of evidence that white plumage reflectance may signal individual quality (Griggio et al. 2011; Zanollo et al. 2012; Ruiz-DeCastañeda et al. 2015) .
In addition to this, we offer for the first time, correlational evidence that the conditions experienced during the breeding season may have an effect on mating patterns in the following season (but see Doucet et al. 2005) . We found that male blue tits that developed brighter cheeks in spring 2 paired with brighter females when these were compared to the females they mated with in spring 1. This suggests that there may be assortative mating with respect to white plumage colouration in the blue tit. In the same species, this was found for the Fig. 3 Change in male white cheek luminance between seasons in relation to female partners JND scores (F 1,9 = 8.39, p value = 0.018, R 2 = 42.5%, N = 11). Female JND scores were obtained as achromatic colour differences between the male's partner in season 1 versus the same male's partner in season 2. Regression line and ± 95% confidence intervals (shaded area) are shown ultraviolet colouration of the crown (Mahr et al. 2012) . Brighter male blue tits in the present population may have been able to attract better quality females in the following spring if for example, they benefited from better body condition during winter. Accordingly, we found that brighter males were in better body condition during winter (spring and winter body mass were correlated). Passerines like the blue tit might signal body condition during winter because this may have great relevance for the subsequent breeding season by providing better access to food resources and higher probability of establishing a territory in spring (Smith and Nilsson 1987) . Indeed, brighter achromatic patches and larger white ornaments have been related to higher female quality in pied flycatchers breeding in the same area (Cantarero et al. 2017; López-Arrabé et al. 2014) . And in the barn owl (Tyto alba), adults that became whiter performed better than the previous year (Dreiss and Roulin 2010) . Unfortunately, in this study, we were unable to explore breeding success as a result of mating with higher ornamented females in spring 2 because a post-hatching experiment was taking place in the season of 2014. Still, we present, for the first time, data on feather colour change after the moult, which is associated to mating patterns in the consecutive season, and is further supported by a discrimination model that takes into account the birds' visual system (but see Griffith 2000; Gustafsson et al. 1995) .
Another noteworthy point is that a single ornament may provide different information on the overall quality of an individual via different colour characteristics, in accordance with the 'multiple messages hypothesis' (Møller and Pomiankowski 1993) . In this study, we found this pattern in the white cheek (via brightness and saturation). Male blue tits that grew more saturated white cheeks were more intensely infected by Plasmodium in the spring of season 1, while cheek brightness was related to body mass (see above). It is possible that more saturation in white patches signals poorer individual quality, because white colours should be less saturated (Badás et al. 2017) . Surprisingly, the relationship between feather colouration and parasite load by several malaria or malaria-like parasites offered conflicting results. As opposed to what we found in white cheek feathers, other haemosporidian species were marginally related to an increase in feather colouration (see Tables S1 and S2 and Fig. S1 : higher intensity of Haemoproteus tended to be associated with increased breast and tail brightness, and higher Leucocytozoon A parasite loads tended to be related to increased crown saturation after the moult). On the contrary, male blue tits that were more intensely infected by Leucocytozoon B parasites developed marginally duller tail feathers. It seems that the effects of parasitic species with respect to feather colour changes could vary between seasons, because in a previous study during the 2012 breeding season in the same population (Badás et al. 2017) , males that were more intensely infected with Haemoproteus (as opposed to Plasmodium in this study), had more saturated white cheeks. Two hypotheses can be proposed to explain why several parasites species were found to affect colouration differently in different reproductive seasons: (i) certain parasites could increase their level of virulence depending on environmental conditions (Møller et al. 2013) or (ii) infections by a certain parasite could be positively correlated with infections by another undetected parasite that disrupts feather structure in the observed patch. For example, wild turkeys (Meleagris gallopavo) suffering from coccidiosis had reduced UV reflectance in a structural plumage patch . Although speculative at the moment, individuals suffering from avian malaria could be infected by other parasites such as coccidians (Isospora sp.), which have been found to infect blue tits in our population (del Cerro, S., unpublished data). In fact, multiple infections with parasites other than haemosporidians are common in this blue tit population del Cerro et al. 2010 ). Facilitation of secondary infections when individuals are already infected has been reported in humans (Nacher et al. 2002) ; and in birds, these could be driven by MHC alleles that alter the competitive interactions between malaria parasites (Loiseau et al. 2008 ). However, we cannot exclude the possibility that the observed associations respond to complex interactions between immune system responses and feather synthesis during the moult (Sanz et al. 2004; Serra et al. 2007; Orledge et al. 2012 ), so marginal results should be taken carefully. The challenge in future studies will be to distinguish empirically whether different ornaments are redundant or nonredundant by exploring the behaviour they elicit from a recipient (Partan and Marler 1999) .
Our results, although correlational, suggest that better performance during the reproductive season (i.e. regarded as higher body mass and/or less intense infections by blood parasites), may have important implications for the following breeding event. Blue tit males that were in better body condition at the highly demanding nestling provisioning stage were able to develop brighter white cheek feathers after the moult. This might have enabled them to find brighter females than those they paired with in the previous spring. Although limited to one between-year shift, we also offered the first correlational evidence that intense infections by Plasmodium during a costly reproductive stage might have consequences after the moult. A visual discrimination model confirmed that differences in colour could be perceived by conspecifics. This study sets the basis for further experimental studies on the carryover effects of reproduction in ornamentation (but see Doutrelant et al. 2012 ) and mating patterns. Allocating resources efficiently during reproduction to immune defence and self-maintenance may increase the resources available for the moult and thus affect mating patterns in the following reproductive period.
